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SM proteinsexocytosis mobilizes a complex set of secretory granules. This involves different
combinations of soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins to
facilitate membrane fusion. The control mechanisms governing the late fusion steps are still poorly understood.
Here, we have analyzed SNARE-interacting Sec1/Munc18 (SM) family members. We found that human
neutrophils express Munc18-2 and Munc18-3 isoforms and that Munc18-2 interacts with the target-SNARE
syntaxin3.Munc18-2wasassociatedpreferentiallywithprimarygranulesbut could alsobe foundwith secondary
and tertiary granules, while Munc18-3 was majorily associated with secondary and tertiary granules.
Ultrastructural analysis showed that both Munc18-2 and Munc18-3 were often located in close proximity
to their respective SNARE-binding partners syntaxin 3 and syntaxin 4. Both isoforms were also found in
plasma membrane fractions and in the cytosol, where they associate with cytoskeletal elements. Upon
stimulation, Munc18-2 and Munc18-3 redistributed and became enriched on granules and in the plasma
membrane. Munc18-2 primary granule exocytosis can be blocked by introduction of Munc18-2-speciﬁc
antibodies indicatinga crucial role inprimarygranule fusion.Our results suggest thatMunc18-2 acts asa regulator
of primary granule exocytosis, while Munc18-3 may preferentially regulate the fusion of secondary granules.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionNeutrophilic leukocytes are short-lived cells that play a major role
in the innate defence mechanisms and inﬂammatory responses of the
host against foreign invaders [1–4]. Critical for these functions is their
capacity to secrete a whole set of inﬂammatory mediators contained
in their cytoplasmic secretory granules. which together with oxidase-
generated products combine for full effectiveness of killing [2,5,6].
Neutrophils are characterized by a remarkable functional hetero-
geneity of their cytoplasmic granular compartment [2]. They contain
myeloperoxidase (MPO)-positive primary (azurophilic) granules and
the MPO-negative secondary (speciﬁc) granules containing Lactofer-
rin. They further contain MPO-negative tertiary granules enriched in
gelatinase as well as alkaline phosphatase-rich secretory vesicles.
Upon stimulation secondary and tertiary granules as well as secretory
vesicles are rapidly mobilized, whereas primary granules are usually
only released into a tightly sealed phagosome, thus requiring some
additional regulatory mechanisms that may involve cytoskeletal rear-
rangements [7,8].Université Paris 7, Faculté de
Cedex 18. Tel.: +33157277345;
l rights reserved.Given this complexity it is evident that the secretion is ﬁrmly con-
trolled by differentmechanisms that assure an appropriate, physiological
mobilization of the various compartments. One point of regulation is at
the level of theSNARE (solubleN-ethylmaleimide-sensitive factor attach-
ment protein receptor)membrane fusionmachinery. SNAREs comprise a
series of proteins that can be divided into vesicular (v-SNAREs) including
VAMP family members and target (t-SNAREs) including syntaxins and
SNAP-23/25 family members. Each SNARE protein contains one or in
some cases two alpha-helical sequences of about 60 amino acids called
the SNARE motif. During fusion one v-SNARE containing a central
arginine residue combineswith three t-SNAREs containing central gluta-
mine residues to forma four-helix bundle. The formation of this bundle is
energetically favoured and catalyses the merger of the membrane
bilayers [9–12]. Previous evidences have identiﬁed a number of SNAREs
in neutrophils including the v-SNAREs VAMP-1, VAMP-2 and VAMP-7,
the t-SNARE SNAP-23 and a variety of syntaxins such as for example
syntaxin 3, 4 and 6 [13–16]. In agreement with the complexity of the
neutrophil granule compartment, it was found that each type of granule
is differentially controlled involving various combinations of SNARE
complexes. Thus, secondary and tertiary granules could engage at least
two SNARE complexes composed of either syntaxin 4/SNAP-23/VAMP-1
or syntaxin 4/SNAP-23/VAMP-2, while interactions between syntaxin 4
and VAMP-1/7 are involved in primary granule exocytosis [14,15,17]. A
complex containing syntaxin 6 may additionally play a role in both
secondary and primary granule exocytosis [15].
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necessary for efﬁcient control of membrane fusion. Thus, synaptotag-
min II was suggested to play a role as a possible calcium sensor in
neutrophil secretion [18]. Regulators may also include members of the
Sec1/Munc18 (SM) family of proteins that are essential in the
regulation of various intracellular trafﬁcking steps [19]. More speciﬁ-
cally, Munc18-1, Munc18-2 and Munc18-3 isoforms have been shown
to play a major role in the regulation of exocytosis in various tissues
and cell types [20]. Their precise mechanisms of action are still under
intense research. Recent work has shown that they can interact in
several ways with their cognate SNARE partners and that each of these
binding modes may correspond to a speciﬁc task in the regulation of
SNARE complex assembly and fusion [21]. One essential property is to
selectively activate SNARE complex formation following interaction
with preassembled SNARE complexes as demonstrated for Munc18-1
in a cell free system [22]. The appropriate function of Munc18 proteins
may also involve additional regulatory mechanisms and proteins such
as Munc13, Rab and DOC2 [19,20,23]. Studies with knock-out mice are
consistentwith an important role of these proteins in fusion. Bothmice
lacking neuronal Munc18-1 and ubiquitous Munc18-3 die at birth and
show a defective regulation of exocytosis [24–27].
Although some reports exist about the function of Munc18
proteins in hematopoietic cells such as mast cells [28,29] and platelets
[30,31] these proteins have not been studied in neutrophil secretory
events. We therefore investigated the expression and function of
Munc18 isoforms in human neutrophils. Our data demonstrate that
human neutrophils express the ubiquitous isoforms Munc18-2 and
Munc18-3. We further show that like for cognate SNARE proteins
there exists a differential regulation of granule fusion by Munc18
isoforms. While Munc18-2 plays a role in primary granule exocytosis,
Munc18-3 may more speciﬁcally be implicated in the regulation of
secondary granule exocytosis.
2. Material and methods
2.1. Reagent and antibodies
Antibodies directed to syntaxin 3 and 4 as well as Munc18-2 and 3
and irrelevant mouse MAb 320 have been described [28,32–34]. Rabbit
anti-SNAP-23 and anti-Munc18-1 were purchased from Synaptic
Systems (Göttingen, Germany). Anti-human lactoferrin was purchased
from Sigma (St. Louis, MO, USA). Mouse-anti-syntaxin 4 was from BD
Biosciences, San Diego, CA, USA). Mouse-anti-human CD63, clone
2Q1430, was from US Biological (Swampscott, MA, USA) and mouse
anti-human CD66b, clone BL-B7, was from Monosan (Uden, The
Netherlands). Mouse anti-human myeloperoxidase antibody, Clone 2C7
was fromAbcam LTD (Cambridge, UK) and rabbit anti-humanmyeloper-
oxidase was a gift from Dr. R. Menegazzi (University of Trieste). Alexa
Fluor 488- and 568-conjugated secondary antibodies were purchased
from Invitrogen (NVLeek, The Netherlands). Goat anti-rabbit IgG-HRP
and phycoerythrin-conjugated F(ab')2 goat anti-mouse IgG (H+L) were
purchased from Jackson Immunoresearch Laboratories, Inc. (West Grove,
PA, USA). Wheat-germ-agglutinin-Alexa Flour 568 was from Invitrogen.
10 nm- and 20 nm-gold-conjugated goat anti-rabbit were from British
Biocell International (Cardiff, UK). The synthetic peptide N-formyl-Met-
Leu-Phe (fMLP), Cytochalasin B and retinoic acid were from Sigma.
2.2. RT-PCR analysis
Total RNA was isolated from freshly isolated human neutrophills
using the RNeasy® Mini Kit according to the manufacturer's
instructions (Qiagen, Courtaboeuf, France). RT-PCR was performed
using the Power Script RT-PCR System (BD Biosciences, Palo Alto, CA).
Speciﬁc primers (Proligo France, Paris, France), used were: Munc 18-1
(NM_001032221) sense (AAGATT TTTCTT CT') and antisense (AGAGAT
ATA AGG GTA GT); Munc 18-2 (NM_006949) sense (AGC GGA GTT ATTCGG) and antisense (ATAGGT CTT TGA TGT); Munc 18-3 (NM_007269)
sense (AAG GCT TCT TGC TCC A) and antisense (GTA AGAGCA CTA AGT
GAT) yielding PCR products of 589, 936, and 619 bp, respectively.
Human brain mRNA was purchased from Clontech. The RT-PCRs were
performed using 300 nM of each primer and the gradient PCR was
performed as follows: hot start at 94 °C for 2min, followed by 35 cycles
of 94 °C for 45 s, annealing at 45 °C–55 °C for 1 min, extension at 72 °C
for 1 min, ending with a ﬁnal extension at 72 °C for 10 min.
2.3. Cells and cell stimulation
Human neutrophils were isolated from blood of healthy donors
collected on heparin. Brieﬂy, blood was loaded on an equal volume of
Polymorphoprep solution (Axis-Shield PoC AS, Oslo, Norway) and
centrifuged in 15ml Falcon tubes at 450 ×g for 35minyielding anupper
intermediate band containing lymphocytes/monocytes and a lower
intermediate band enriched in neutrophils. The band corresponding to
neutrophils was carefully recovered with a Pasteur pipette washed in
PBS and puriﬁed from residual erythrocytes by hypotonic treatment.
Cells were washed once in PBS and counted. Final cell suspension
after Diff-Quik stained cytospin specimens (Cytospin 2, Shandon Inc.,
Pittsburgh, PA) contained N95% neutrophils, the remaining cells
being eosinophils. Neutrophils were stimulated with a mixture of
fMLP (10−6 M) and Cytochalasin B (5 μg/ml) respectively for 5 min at
37 °C. Reaction was stopped by addition of cold PBS. HL60 pro-
myelocytic cells were grown in RPMI 1640 Medium, supplemented
with 10% Fetal Bovine Serum (FBS), 50 U/ml penicillin, 50 μg/ml
streptomycin and 4 mM glutamine [35]. They were differentiated
5 to 7 days towards granulocytes using retinoic acid (10−6 M). Rat
basophilic leukemia (RBL) cells were maintained in DMEM-Glutamax
supplemented with 10% fetal calf serum, 100 IU/ml penicillin G and
100 μg/ml streptomycin at 37 °C in a humidiﬁed 5% CO2 incubator [32].
2.4. Subcellular fractionation
Cell fractionation of human neutrophils was carried out as
described [36]. Brieﬂy, neutrophils 30–100×106/ml were disrupted
by N2 cavitation in relaxation buffer containing a proteinase inhibitor
cocktail (SIGMA) and 0.5 mM PMSF, for 25 min at 400 psi in ice. Post
nuclear supernatant (PNS) was obtained by centrifuging intact nuclei
and cell debris at 300 ×g at 0 °C for 10 min. 3 ml PNS was loaded on a
sucrose discontinuous gradient (3ml 1,120 g/ml, 3ml 1,180 g/ml, 0.5ml
1,250 g/ml cushion) and submitted to ultracentrifugation at 30,000
RPM in a LS60 Beckman ultracentrifuge equipped with a SW40 rotor
for 5 h at 4 °C. In addition to the cytosol, which does not enter the
gradient, this procedure allowed us to obtained three main bands:
plasma membrane (PM) (PBS-1,120 interface), secondary (speciﬁc)
granules (1,120–1,180 interface) and primary (azurophilic) granules
(1,180–1,250 interface). During the careful withdrawal of the bands we
decided to take only the well deﬁned and packed fractions of PM,
primary and secondary granules. Each was separated by a volume of
about 2–2.5 ml sucrose (called intermediate fractions). These con-
tained neutrophil organelles of intermediate density which failed to
pack in well deﬁned bands and for this reasons they weren’t
considered further for evaluating Munc18 isoform content. The
enzymatic characterization of the fraction obtained showed that
assaying latent alkaline phosphatase (AP) activity in our resting
neutrophil derived PM fraction accounted in four different experi-
ments for a percentage lower than 5% of the total activity suggesting
that our PM is a very good fraction and did contain only traces if any of
secretory vesicles. Also this fraction contained the lowest gelatinase
activity (about ﬁve times lower than that of PNS as judged by cleavage
of Dnp-Pro-Leu-Gly-Leu-Trp-Ala-D-Arg-NH2 (360 MMP FRET subIII
Anaspec, DBA). The granule fraction contained the highest lactoferrin
content (ELISA assay) and only a very low content of gelatinase, while
the primary granule enriched fraction contained the highest speciﬁc
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high in the intermediate fractions.
2.5. Immunoprecipitation and Western blotting
Lysates of RBL-2H3, HL-60 and human neutrophils were prepared
by solubilisation in SDS-Sample buffer. Human brain lysates were
obtained from Clontech. For immunoprecipitation experiments,
human neutrophils were solubilized in 25 mM Pipes pH 7.3,
150 mM NaCl, 5 mM KCl, 5 mM MgCl2, CHAPS 10 mM, SDS 0.1%,
sodium orthovanadate 1 mM (Sigma), aprotinin 1000 U/ml (Sigma),
pepstatin 10 μg/ml, leupeptin 20 μg/ml, 4-(2-Aminoethyl) benzene-
sulfonyl ﬂuoride hydrochloride (AEBSF) 2 μM (Alexis Inc.) at 2×107
cells/ml. After centrifugation at 15,000 ×g (30 min) immunoprecipita-
tions were performed with speciﬁc antibodies or normal rabbit IgG
(5 μg) prebound to protein A-sepharose. Isolated proteins were
resolved by SDS-PAGE and transferred onto nitrocellulose membranes
(Schleicher & Schuell, Dassel, Germany). Membranes were blocked
with 4% BSA and incubated with primary abs (1 μg/ml) for 1 h at
RT. After washing, blots were incubated with anti-rabbit IgG HRP
(1/30,000) for 45 min and were developed using enhanced chemolu-
minescence ECL (GE Healthcare, Orsay France). Additional control
experimentswere performed to conﬁrm the speciﬁcity of antibodies to
Munc18-2 andMunc18-3 by preincubating antibodies with GST fusion
proteins (40 μg/ml) used for immunisations [28]. Preincubation efﬁ-
ciently blocked the signal obtained by these antibodies.
2.6. Electropermeabilization and immunoﬂuorescence analysis of
granule exocytosis
Human neutrophils were resuspended at 1×107 in Hepes 20 mM
pH 7.0, KCl 120 mM, NaCl 10 mM, KH2PO4 1 mM, glucose 10 mM [15].
Electroporation was carried out in a 1 ml electroporation cuvette
(Eurogentec, Seraing, Belgium) using an Easyject One System
apparatus (Ashford, United Kingdom) at a setting of 900 V, 40 μF.
Cells were immediately incubated with antibodies (30 μg/107cells) for
30 min. Successful electroporation was systematically monitored by
comparing ﬂuorescence of electroporated and non-electroporated
neutrophils incubated with goat anti-rabbit-phycoerythrin abs. After
ab introduction cells were stimulated by addition of fMLP/Cytocha-
lasin B (10 min) and the reaction was stopped with icecold PBS. After
ﬁxation in PFA 4%, cells were incubated with anti CD66b and anti-
CD63 antibodies followed by incubation with PE-conjugated second-
ary abs to reveal the exposure surface marker corresponding,
respectively, to primary, secondary and tertiary granules. Exocytosis
of the two populations of granules was quantiﬁed by cytoﬂuorometry
with a FACSscan and Cell Quest software (Beckton-Dickinson).
2.7. Confocal microscopy
Unstimulated and stimulated neutrophils were allowed to adhere
on polylysine cover slips before ﬁxation with 4% PFA/PBS. For PM
labelling cells were incubated before ﬁxation with WGA-Alexa Flour
568 (1 μg/ml) for 2 min at 4 °C. After ﬁxation cells were washed in PBS
and in 50 mM NH4Cl diluted in PBS for 10 min to quench
paraformaldehyde. Cells were permeabilized with 0.025% saponin in
PBS (20 min). After washings the samples were saturated with PBS
containing 2% BSA, 5% goat serum, and 0.012% saponin (30 min) and
exposed to indicated primary or isotype control abs (10 μg/ml) diluted
in PBS containing 0.2% BSA-saponin 0.012%. After 1 h cells were
washed and cells were labelled with secondary abs (2 μg/ml) diluted
in PBS containing 0.2% BSA-saponin 0.012%. After washing cells were
mounted in VECTASHIELD® Mounting Medium (Vector Laboratories,
Burlingame, CAUSA) andwere analyzed using confocal laser-scanning
microscope LSM 510, Zeiss (Oberkochen, Germany). Acquisitions were
made using a 63× oil-immersion lens by subtracting the backgroundﬂuorescence obtained in experiments with isotype control antibodies.
Additional control experiments were performed to conﬁrm the
speciﬁcity of antibodies to Munc18 isoforms by preincubating
antibodies with GST fusion proteins (200 μg/ml) used for immunisa-
tions [28]. This procedure eliminated essentially all speciﬁc staining
and was at the level of isotype control abs.
2.8. Electron microscopy analysis
Immunogold post-embedding technique was performed as pre-
viously described [37]. Brieﬂy, neutrophils were ﬁxed in 1.5%
glutaraldehyde diluted in 0.1 M cacodylate buffer pH 7.4 stored for
20 min at room temperature, post-ﬁxed in 1% OsO4 for 60 min at 4 °C,
dehydrated in ethanol, and ﬁnally embedded in Dow Epoxy Resin
(DER 332, Unione Chimica Europea, Milano, Italy). For immunogold
labelling, ultrathin sections, cut by an ultramicrotome (Ultracut UCT;
Leica, Wien, Austria) were mounted on nickel grids etched with 1%
periodic acid. Grids with section sides facing downward were ﬁrst
exposed overnight to anti-syntaxin 3, anti-syntaxin 4, anti-MPO or
anti-Lactoferrin in 20 mM Tris–HCl pH 8.2 containing 1% BSA and
0.05% Tween-20. After washing grids were incubated 1 h at RT with
20 nm gold-conjugated goat-anti-rabbit IgG (British Biocell Interna-
tional; Cardiff, UK) (1:50) in Tris–HCl–BSA–Triton). After rinsing grids
were turned over with section sides facing upward, according to
Bendayan [38] and exposed to anti-Munc18-2 or anti-Munc18-3
followed by incubation with 10 nm gold-conjugated goat-anti-rabbit
IgG. Finally, grids were rinsed with buffer and water (last washing)
and double-stained with uranyl acetate and lead citrate (5 min each).
Ultrastructural analysis was carried out in a transmission electron
microscope (EM208; Philips Eindhoven, The Netherlands). Control
experiments using normal rabbit IgG performed in parallel showed no
signiﬁcant immunogold labelling. Quantitative evaluation of antigen
was performed by counting the gold particles in sections showing the
nuclear lobes. The percentage of granule positivity for each antigen
was determined by scoring from 300 to 600 granules in 35–50
micrographs taken at the same magniﬁcation. A positive granule
contained at least one gold particle; the total number of granules
scored was taken as 100%. Granule gold particle density (GPD) was
calculated by counting gold particles in granules within cell sections.
GPD was calculated by dividing the number of particles counted in
each granule section by the average area of the granule section itself
(calculated on more than 500 granules by the best ﬁtting with a
circumference of known radius). The cytosol GPD was calculated in
the same way by dividing in each micrograph the number of gold
particles counted in cytosol sections by the cytosol area (calculated by
subtracting the granule, the nucleus and the empty resin area from the
total area of the micrograph). For granules and cytosol, the GPD was
normalized to 100 cm2 of micrograph. The membrane GPD was
calculated by counting the number of gold particles on the cell surface
and by dividing this value for the length of the membrane. The vesicle
GPD was calculated by dividing the number of gold particles counted
on the vesicle surface for the average circumference of the vesicles
(calculated on more than 500 vesicles). For membrane and vesicle
GPD, the value was also normalized to 100 cm2. For each parameter
considered the standard deviation was calculated from the values
scored in each micrograph.
3. Results
3.1. Human neutrophils express Munc18-2 and Munc18-3 isoforms
To identify Munc18 isoforms expressed in human neutrophils, we
performed RT-PCR on total RNA using primers that allow speciﬁc
ampliﬁcation of each of the three Munc18 isoforms. Fig. 1A shows that
mRNAs encoding the ubiquitious isoforms Munc18-2 and Munc 18-3
were readily ampliﬁed, while mRNA encoding the neuronal isoform
Fig. 2. Distribution of Munc18-2/Munc18-3 and syntaxin partners after subcellular
fractionation. Neutrophils were lysed by nitrogen cavitation and subjected to discon-
tinous sucrose density gradient centrifugation. Fractions corresponding to cytoplasm
(cyt); plasma membrane and secretory vesicles (PM); secondary (SG) and primary
(PG) granules were collected and equal fractions of volume were resolved by 10% SDS-
PAGE and analysed by immunoblotting using the indicated antibodies. The data
shown are representative for four separate experiments. Numbers below show the
evaluation of marker proteins (OD/mg protein) for PM (latent alkaline phosphata-
se=AP), PG (Myeloperoxidase=MPO) and SG (Lactoferrin=LF) fractions. Values in
postnuclear supernatants of these markers were 29.0, 38.9 and 64.7 for AP, PG and SG,
respectively.
Fig. 1. Expression of Munc18 isoforms and interactions with syntaxins in human neutrophils. (A) RT-PCR analysis of expression of Munc18 isoforms using primers speciﬁc for Munc18-1
(human brain and PMN), Munc18-2 andMunc18-3 (human PMN). The expected size of ampliﬁed fragments is indicated. (B) Total cellular lysates from human brain and human PMNwere
resolved on SDS-PAGE and subjected to immunoblotting with antibodies speciﬁc for Munc18-1, Munc18-2 andMunc18-3. An entire blot is shown. (C) Total cellular lysates from RBL-2H3
cells neutrophils and retinoic acid-differentiatedHL-60 (2×105 cells/lane)were resolved on SDS-PAGE and subjected to immunoblottingwith antibodies speciﬁc forMunc18-2,Munc18-3,
syntaxin 3 and syntaxin 4 as indicated. (D) Cell lysates fromhumanneutrophilswere immunoprecipitatedwith antibodies speciﬁc for syntaxin 3 (polyclonal) and syntaxin 4 (monoclonal).
As a isotype control, antibodies to bacterial glutathion S transferase (GST) and 320 mMab were used. After cutting the nitrocellulose ﬁlter in two, the immunoprecipitates were then
analyzed by immunoblotting with polyclonal antibodies to Munc18-2, as well as syntaxin 3 and syntaxin 4. Arrows indicate expected positions of proteins after immunoblotting.
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human brain RNA. Control experiments performed in the absence of
reverse transcriptionwere all negative (not shown). We next analyzed
protein expression (Fig. 1B). We conﬁrm at the limit of the detection
levels of the abs the absence of Munc18-1 in human neutrophils as
compared to human brain extracts, while Munc18-2 and 3 are
expressed in human neutrophils but are not detectable in brain. The
band recognized by anti-Munc18-2 in brain is due to a cross-reactivity
with Munc18-1, which migrates at a slightly higher molecular weight
as described [28]. To assess the relative expression levels of Munc18-2
andMunc18-3 proteins as well as potential syntaxin-binding partners,
cell lysates of the neutrophilic cell line HL60 and freshly isolated
human neutrophils were compared to previously characterized RBL-
2H3 mast cells [28] using immunoblotting. Fig. 1C illustrates that all
lysates contain both Munc18-2 and Munc18-3 albeit the expression
level of the latter was somewhat lower in human neutrophils. As
previously reported [13,14,39] we also found expression of binding
partners such as Munc18-2-interacting syntaxin 3 and Munc18-3-
interacting syntaxin 4. Again the expression level of syntaxin 4 was
lower in human neutrophils.
We next analyzed whether in human neutrophils Munc18-2 and
Munc18-3 interacted with syntaxin 3 and syntaxins 4, respectively, in
coimmunoprecipitation experiments. Fig. 1D shows that Munc18-2
speciﬁcally coimmunoprecipitates with syntaxin 3, but not syntaxin 4
in neutrophil lysates. We did not detect an interaction of syntaxin 4
with its potential binding partner Munc18-3 (not shown) suggesting
that they were either absent or below the threshold of detection.
3.2. Differential subcellular localization of Munc18 isoforms in human
neutrophils
In a next step we investigated the localization of Munc18 isoforms
using subcellular fractionation experiments. Cells were disruptedusing nitrogen cavitation and the lysate was fractionated on a discon-
tinuous density sucrose gradient. Individual fractions corresponding
to cytosol, plasma membrane (PM), primary (PG) and secondary (SG)
granule fractions were collected, and further analysed by immuno-
blotting after separation on SDS-PAGE. As illustrated in Fig. 2 hetero-
geneous pattern of distribution became apparent. Munc18-2 and
Munc18-3 were co-distributed in cytoplasmic, PM and secretory
granule fractions, whereas Munc18-2 was detected additionally in the
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mirrored the one of its corresponding binding partner, while syntaxin
4, like Munc18-3 was not present in the primary granule fraction. We
also tested SNAP-23, known to present a critical SNARE protein in
neutrophil exocytosis [15,17]. We found that SNAP-23 co-distributes
both to the PM and to granule fractions where it was found both in the
primary and secondary granule fraction. These results indicate that
Munc18-2 and Munc18-3 are differentially distributed in human
neutrophils. To further determine the localisation of Munc18 isoforms
we used confocal microscopic analysis. Fig. 3A and the corresponding
quantitative analysis (Fig. 3B) show that in resting human neutrophils
Munc18-2 has a cytoplasmic and punctuate, granular staining pattern
that overlapped to a signiﬁcant extent with MPO, a speciﬁc marker of
primary granules [2]. Some co-localisation was also seen with anti-
CD66b, a marker of secondary and tertiary granules [14]. Analysis of
Munc18-3 also showed a cytoplasmic and punctuate staining pattern
that strongly overlapped with the speciﬁc and tertiary granular
marker CD66b, while less overlap was seen with the primary granule
marker MPO (Fig. 3A,B). Partial colocalisation of both Munc18-2 and
Munc18-3 with the PM was also apparent (not shown, but see also
Fig. 5). Colocalisation was also performed using immunogold electron
microscopy using MPO and lactoferrin as markers for primary andFig. 3. Co-localisation analysis of Munc18-2 and Munc18-3 isoforms in human neutrophils.
MPO and secondary/tertiary granule marker CD66b using confocal microscopy. Isolated hum
primary antibodies (10 μg/ml) followed by incubation with secondary antibodies of the i
interference contrast (DIC) and representative single optical sections through individual cell
Overlapping proteins appear as yellow dots. (B) Quantitative analysis of colocalisation ofMun
Data are means±SEM obtained from different batches of human neutrophils. Six different p
Carls Zeiss LSM 510 Image examiner Software. ⁎⁎pb0.02; ⁎⁎⁎pb0.001. (C) Quantitative an
Lactoferrin of immunogold EM data. Co-localization was calculated by counting the number
Lactoferrin) gold particles and by referring the number of granules positive for both MUNC18
isoforms. At least 700 granules were scored from at least 20 sectional planes from human n
⁎pb0.05; ⁎⁎⁎pb0.001.secondary granules, respectively. Our quantitative evaluation (Fig. 3C)
conﬁrmed the high level of co-localisation of Munc18-2 with MPO-
containing granules, while relatively little overlap was seen with
lactoferrin-containing granules. By contrast, like in confocal analysis
high levels of colocalisation were observed for Munc18-3 and
lactoferrin-containing granules, however, in this analysis the coloca-
lisationwith MPO-containing primary granules was somewhat higher
than by confocal analysis.
We next examined the overall distribution of Munc18-2 and
Munc18-3 in comparison to their respective binding partners syntaxin
3 and syntaxin 4 using immunogold electron microscopy. Fig. 4A
shows a representative micrograph of the distribution of Munc18-2/
syntaxin 3 (left panel) and Munc18-3/syntaxin 4 (right panel),
respectively. The quantitative analysis of the overall distribution
based on gold particle density is shown in Fig. 4B. In agreement with
the above co-localization studies this analysis conﬁrmed that
Munc18-2 and Munc18-3 largely distribute to secretory granules,
where they are found at the surface, but also sometimes seem to
extend inside the granule matrix along ﬁlamentous or membrane-like
structures. Few staining was also detected in small vesicular structure,
while PM staining, although occasionally visible, possibly due to the
low surface density per surface area, was rather rare. Gold particles for(A) Analysis of colocalization of Munc18-2 and Munc18-3 with primary granule marker
an neutrophils were allowed to adhere on coverslips before incubation with indicated
ndicated colour (2 μg/ml). Cells were visualized by confocal microscopy. Differential
s of individual colours as well as the merge (green and red ﬂuorescence) are presented.
c18-2 andMunc18-3with granulemarkersMPO and CD66b of confocal microscopy data.
lanes along the z-axis from at least 12 cells were analysed between two channels using
alysis of colocalization of Munc18-2 and Munc18-3 with granule markers MPO and
of granules containing at least three 10 nm (Munc18 isoforms) or two 20 nm (MPO or
isoforms and MPO or lactoferrin, to the total number of granules positive for MUNC 18
eutrophils. Values are the means±SD of the percentages calculated in each cell section.
Fig. 4. Comparative ultrastructural analysis of Munc18-2, Munc18-3, syntaxin 3 and syntaxin 4. (A) Ultrathin sections of human neutrophils were double-immunogold labelled with
anti-Munc18-2 (10 nm gold particles) and syntaxin 3 (20 nm gold particles) (left panel) or with anti-Munc18-3 (10 nm gold particles) and syntaxin 4 (20 nm gold particles) (right
panel) as described in Materials and Methods. Cells were visualized by electron microscopy. Bars, 200 nm. The insets in the upper panels show the appearance at a higher
magniﬁcation of both Munc18-2 and Munc18-3 along ﬁlamentous structures suggesting cytoskeletal association. (B) Corresponding quantitative analysis of gold particle density in
granules, cytosol, PM and small vesicles (Ve).
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appeared either diffuse, ﬁlament-associated or as a tangle of ﬁlaments
(see also insets in Fig. 4A). Like Munc18 isoforms, syntaxin 3 and
syntaxin 4, although showing a lower level of gold particle density,
often distributed to large granules and to small vesicles, while as
expected for integral membrane proteins distribution to the cyto-
plasm was absent. Like for Munc18 isoforms little PM staining was
apparent. Although singly labelled granules can be seen, Munc18-2
was often found in close proximity to syntaxin 3 (Fig. 4A, left panel),
while Munc18-3 was often found together with syntaxin 4 (Fig. 4A,
right panel) on the same granules.
3.3. Effect of stimulation of granule exocytosis on distribution of Munc18
isoforms
To analyzewhetherexpressedMunc18-isoforms could playa role in
neutrophil exocytosis we ﬁrst analyzed in biochemical experiments
whether the association of syntaxin 3 with Munc18-2 was modulated
upon stimulation. Cells were activatedwith a combination of fMLP and
Cytochalasin B representing a potent stimulus for mobilization of all
types of neutrophil granules [40]. A slight tendency of decrease of the
association between Munc18-2 and syntaxin 3 was apparent after
stimulation, however, thiswas not statistically signiﬁcant (not shown).
We therefore looked whether stimulation of granule exocytosis pro-
moted changes in the subcellular distribution using confocal micro-
scopic analysis. Fig. 5A shows the staining of, respectively, Munc18-2
and Munc18-3 (both in green) in unstimulated cells and in cells that
had been stimulated with a combination of fMLP and Cytochalasin B in
comparison to the plasma membrane stained with the lectin WGA(in red). In unstimulated cells, like before, bothMunc18 isoforms show
a granular staining pattern in the cell interior and some PM staining.
However, following stimulation, bothMunc18-2 andMunc18-3 showa
marked redistribution. For Munc18-2 this is characterized by a more
diffuse pattern in the interior of the cell and the accumulation in
certain areas promoting an increase in the staining intensity thatmight
be indicative for granule–granule fusion as also suggested in the x–z
and y–z projections. A concomitant externalization of Munc18-2 can
also be seen, indicated by the marked increase in co-localization with
the PM marker as also shown in our quantitative analysis (Fig. 5B, left
panel). Munc18-3 changed from a granular distribution in the interior
of the cell to an essentially peripheral localisation at the plasma
membrane or closely underneath, which became particularly apparent
in the x–z and y–z projections. Like for Munc18-2 an increase at the
plasma membrane can be observed (Fig. 5B, right panel). This was in
agreement with the considerable mobilization of secondary and
tertiary granules upon such stimulation [41]. Stimulation-dependent
changes were also evaluated by analysis of gold particle density in
electron microscopy. Fig. 6 (upper panel) shows representative micro-
graphs from stimulated cells stained, respectively, with Munc18-2/
syntaxin 3 and Munc18-3/syntaxin 4. As compared to unstimulated
cells (Fig. 4) large empty vesicles and vacuolar structures appear. Gold
particles corresponding to Munc18 and syntaxin isoforms are often
seen to accumulate at the surface of the vacuoles. Occasionally one can
also detect fusing granules (see arrows in agreement with the
previously described multigranular, compound mode of exocytosis)
[42,43]. Corresponding quantitative analysis of the distribution of gold
particles in unstimulated versus stimulated cells (Fig. 6, lower panel)
indicates that the number of Munc18-2 and Munc18-3 on secretory
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became also apparent for Munc18-3, but not for Munc18-2. However,
in both cases the percentage found on ﬁlamentous structures
increased (not shown). Taken together, both confocal and ultrastruc-
tural analysis indicate a redistribution of Munc18 isoforms during
stimulation that concord with the appearance of vacuoles and fused
granules.
3.4. Functional analysis of Munc 18 isoforms in granule exocytosis
To analyse the function of Munc18 isoforms in neutrophil exo-
cytosis we employed a previously described strategy based on the
introduction of blocking antibodies into puriﬁed and electropermea-
bilized human neutrophils [15,17,41,44]. Exocytosis of secondary and
tertiary granules was measured by the stimulation-dependent in-
crease at the cell surface of the granule marker CD66b, while exo-
cytosis of primary granules was measured by the appearance of theFig. 5. Confocal analysis of Munc18-2 and Munc18-3 distribution in resting and stimulate
stimulated (S) with fMLP/Cytochalasin B. Cells were allowed to adhere on coverslips before s
cells were ﬁxed and permeabilized before incubation with either anti-Munc18-2 or anti-M
visualized by confocal microscopy. Differential interference contrast (DIC) and representative
(green and red ﬂuorescence) are presented. To the right are also shown merge images of
respectively, y–z and x–z planes. (B) Quantitative analysis of colocalization of Munc18-2 andM
at least three batches of human neutrophils. 8 different planes along the z-axis from at least
Software. ⁎pb0.05; ⁎⁎ pb0.02.granular marker CD63. Neutrophils were electroporated 30 min
before stimulation with fMLP/Cytochalasine B, to introduce speciﬁc
antibodies. Successful introduction was monitored using cytoﬂuoro-
metry of ﬂuorescent marker antibodies (Fig. 7A). We also veriﬁed that
following the harsh treatment of electroporation, human neutrophils
remain functional and can successfully be stimulated for exocytosis by
measuring the appearance of CD63 and CD66b at the cell surface.
Fig. 7B shows that following the electroporation procedure both CD63
and CD66b were already expressed at the surface of resting cells to
various degrees. However, upon stimulation both markers further
increase in expression indicating that electro-permeabilized cells
were capable of granule exocytosis. Following incubation of electro-
permeabilized neutrophils from several healthy donors with anti-
Munc18-2 the upregulation of CD63 at the surface was signiﬁcantly
inhibited when compared to isotype control (Fig. 7C). No effect was
seen on the upregulation of CD66b suggesting thatMunc18-2 antibody
speciﬁcally blocks primarygranule exocytosis.We also tested the effectd human neutrophils. (A) Isolated neutrophils were either left unstimulated (NS) or
timulation. After a short staining of plasma membranes using WGA-Alexa568 (1 μg/ml)
unc18-3 followed by incubation with anti-rabbit IgG-Alexa488 (2 μg/ml). Cells were
single optical sections of individual colours as well as themerge through individual cells
x–z and y–z projections. Arrows in the x–y section indicate the position chosen for,
unc18-3 with PMmarkerWGA before and after stimulation. Data aremeans±SEM from
8 cells were analysed between two channels using Carls Zeiss LSM 510 Image examiner
Fig. 6. Ultrastructural analysis of Munc18-2 and Munc18-3 distribution in stimulated human neutrophils. Ultrathin sections of fMLP/Cytochalasin B-stimulated human neutrophils
were double-immunogold labelled with anti-Munc18-2 (10 nm gold particles) and syntaxin 3 (20 nm gold particles) (upper left) or with anti-Munc18-3 (10 nm gold particles) and
syntaxin 4 (20 nm gold particles) (upper right) as described in Materials and methods. Cells were visualized by electron microscopy. A representative section is shown. Arrows show
possible granule–granule fusion. Quantitative analysis of gold particle density (GPD) for the indicated antigens in resting (NS) and stimulated (S) human neutrophils in various
compartments. ⁎pb0.05 or ⁎⁎pb0.02, respectively.
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CD66b expression were detected.
4. Discussion
In several recent studies it has emerged that the SNAREmembrane
fusion machinery plays an important role in granule exocytosis of
human neutrophils [14–17,39,45]. Because of the release of potentially
dangerous products for the organism this process must be tightly
controlled. We surmised that neutrophils express a variety of regula-
tors able to connect the membrane fusion to upstream stimulatory
events. In this study we have analyzed Munc18 proteins as they are
known to represent key SNARE interacting effectors in exocytosis in
various tissues and cells [19,21].
We found that human neutrophils express the ubiquitous isoforms
Munc18-2 and Munc18-3, while Munc18-1 majorily expressed in neu-
ronal cells was not detectable. Co-immunoprecipitation experiments
showed that small amounts ofMunc18-2 appear to be in a complexwith
its cognate SNARE partner syntaxin 3. No interaction of Munc18-3 with
syntaxin 4 was detectable, which could be due to the fact that such
complexes were below the limit of detection for our antibodies.
However, our data from ultrastructural analysis clearly showed that
syntaxin 4 and Munc18-3 are found in close proximity on a signiﬁcant
portion of secretory granules.
Subcellular fractionation experiments revealed a heterogenous
distribution of both Munc18 isoforms, which are found in different
compartments that include cytoplasm, granular and plasma mem-
brane fractions. Interestingly, a difference could be seen concerning
the granular fractions in that Munc18-2 and its syntaxin 3 binding
partner distributed to the primary granule fraction, while Munc18-3
and syntaxin 4 are undetectable in this fraction. Using confocal and EM
analysis we conﬁrmed that Munc18-2 is preferentially localized to
primary granules. In contrast to cell fractionation experiments,
however, someMunc18-3 could also be detected in this compartment.
This could be due to the lowprotein content of this fraction,whichmay
preclude the detection of low levels of Munc18-3 in fractionationexperiments. Munc18-3 colocalized to a high degree with CD66b,
which labels both secondary and tertiary granules [14] suggesting that
this isoform may play a particular role in the regulation of secondary
and tertiary granules. Strong colocalisationwith the secondary granule
marker lactoferrinwas also conﬁrmed by EM analysis. Some overlap of
these granule compartments was also seen with Munc18-2. The
combined data suggest that Munc18-2 preferentially, but not exclu-
sively, localizes to primary granules, while Munc18-3 predominantly,
but not exclusively, localizes to secondary and tertiary granules.
The overall assessment of the distribution of Munc18 isoforms and
syntaxin partners as appearing in the sectional planes showed that a
large part was located to granules, however, distribution to the PM
and in the case of Munc18 isoforms to the cytoplasm was also seen.
Vesicular localizations of Munc18-2 and Munc18-3 as well as certain
syntaxin isoforms have already been observed in other haematopoie-
tic cells such as mast cells and platelets [28,30,31]. This may
functionally relate to the existence of intragranular fusion events in
these cells for example during compound exocytosis that besides in
mast cells and eosinophils has also been described in neutrophils
[43,46,47]. Concerning syntaxin 4 the localisation to secretory
granules contrasts with previous data, which rather have reported a
PM localization using different antibodies [14,39]. However, upon
close inspection of the images in one of the studies [39] it appears to
us that presented cells also show a granular staining pattern.
Furthermore, our ultrastructural studies show that both colocalize
on the same granules, in agreement with a possible functional
relationship. Interestingly, another SNARE (SNAP-23) usually
described to locate to the plasma membrane has also been reported
to show both granular and PM localisation in human neutrophils [15],
a result we have conﬁrmed in our subcellular fractionation experi-
ments. Ultrastructural analysis revealed that a sizable amount of
Munc18 isoforms is also present in the cytoplasm, where they often
seem to associate with ﬁlamental cytoskeletal structures or tangles of
ﬁlaments. Preliminary analysis suggests that these cytoskeletal
structures correspond to microtubules as gold particles for Munc18-
2 and tubulin are often seen in close proximity (G. Z. and M-R. S.
Fig. 7. Analysis of the effect of Munc18 speciﬁc antibodies in electropermeabilized human neutrophils. A) Human neutrophils, electroporated (EP) or not, were incubated with
phycoerythrin-labelled Ab and analysed for staining using cytoﬂuoromety. B) Evaluation of the capacity of neutrophils to externalise CD63 and CD66b following electroporatation in
the presence of normal rabbit IgG. Cells were electroporated followed by incubation with Abs as described in Material and methods. Resting (NS) cells were then stained with anti-
CD63 or anti-CD66b as well as with an isotype control Ab as indicated and compared to cells stimulated (S) with fMLP/Cytochalasin B after staining with anti-CD63 or anti-CD66b.
Effect of the anti-Munc18-2 (C) or anti-Munc18-3 (D) on CD63 and CD66b surface exposure after introduction into electropermeabilized human neutrophils from healthy subjects.
Results are expressed as the percent of control response obtained with normal rabbit IgG arbitrarily set to 0%. ⁎ indicates statistical signiﬁcance pb0.05.
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which have shown that Munc18-2-labelled granules are aligned on
microtubules and that this location is disrupted upon nocadazole
treatment [28]. As expected for integral membrane proteins syntaxin
3 and 4 were not found in the cytoplasm. Fractionation and confocal
studies also showed that both Munc18 isoforms as well as syntaxin 3
and 4 also distribute to the plasma membrane fraction indicating that
they could play a role in the regulation of SNARE complex formation in
both compartments in concord with the multigranular, compound
mode of exocytosis observed in these inﬂmammatory cells.
In agreement with a functional implication of Munc18 isoforms in
SNARE-mediated fusion, we found that stimulation with a combina-
tion of fMLP and Cytochalasin B, which mobilizes all types of granules
induced a signiﬁcant relocation of Munc18 isoforms. In confocal
analysis Munc18-2 appeared to show a more diffuse staining pattern
and coalescence in certain areas that may correspond to the relocation
and concentration of antigen due to intragranular fusion events as
observed in EM analysis. As Munc18-2 preferentially targets primary
granules this feature may be in conformity with an involvement in
primary granules exocytosis, known to occur in a more polarized and
local manner [48]. However, Munc18-2 became also enriched at the
PMwhen compared to unstimulated cells. Similarly, upon stimulation
Munc18-3 became uniformly enriched at the plasmamembrane and in
granules located closely underneath in agreement with the strong
mobilization of secondary and tertiary granules under our stimulation
conditions. The mobilization of Munc18 isoforms was also conﬁrmedin our EM studies. This analysis revealed an increase of Munc18-2 and
Munc18-3 gold particles associated with granules. We also saw a
considerable enrichment at the PM of both Munc18 isoforms and
syntaxin partners and accumulation at the interfacewith vacuoles that
form in the stimulated cells and that may be in contact with the
exterior of the cell, especially when located at the periphery. This
suggests that Munc18 isoforms could function both in intracellular
granule–granule fusion and in granule–PM fusion, where theymayget
recruited to the fusion site and concentrated effectively to promote
membrane fusion. This would be in agreement with recent data
showing that enhanced SNARE complex binding of Munc18-1 accel-
erates fusion in a reconstituted fusion system, in vitro [23]. In the
cytosol it was noticeable that binding to cytoskeletal structures
increased for both Munc18-2 and Munc18-3. This may indicate that
interaction with such structures may be part of the mechanism by
which Munc18 isoforms could promote the membrane fusion process.
We also tried to directly analyse the functional implication of
Munc18 isoforms based on the introduction of blocking antibodies into
electro-permeabilized cells. Electropermeabilized neutrophils per-
fectly retain the capacity to degranulate as shown by the PM exter-
nalization of the primary granule marker CD63 and the secondary and
tertiary granule marker CD66b. The utilized Munc18-speciﬁc anti-
bodies recognize a region (aa 161–229 for Munc18-2 and 163–234 for
Munc18-3) [28] localized outside the syntaxin-binding site. It encom-
passes a highly accessible area that has previously been shown to get
phosphorylated at multiple sites and thus could interfere with proper
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found that exocytosis from CD63-positive primary granules but not
fromCD66b-positive secondary and tertiary granuleswas affected. This
was in agreement with the preferential localization of this isoform on
primary granules. However, Munc18-2 was also found to be expressed
on secondary and tertiary granules. As after electropermeabilization
high amounts of CD66b are already expressed at the surface it is
possible that Munc18-2-sensitive fusion events could not be targeted.
Similarly,Munc18-3was found to a signiﬁcant extent onCD66bpositive
granules, however, we were unable to demonstrate a signiﬁcant
involvement of this isoform. On the other hand, it has been reported
that syntaxin 4 the cognate partner ofMunc18-3 regulates exocytosis of
speciﬁc and tertiary granules [14] rendering possible a particular role
for Munc18-3 for these types of granules. This would also be in
agreement with the signiﬁcant relocation observed after stimulation.
In conclusion our studies have shown that human neutrophils
express the ubiquitous Munc18-2 and Munc18-3 isoforms. This
extends previous observation in cells of the hematopoietic system,
which have shown that mast cells similarly express Munc18-2 and
Munc18-3, while platelets express in addition also Munc18-1
[28,30,31]. In human neutrophils both isoforms show a heterogenous
distribution with Munc18-2 being predominant on primary and
Munc18-3 being predominant on secondary and tertiary granules.
Both proteins are also found in the cytoplasm, where they often
associate with cytoskeletal structures that may play a role in the
fusion process. Functional studies indicated that during stimulation
Munc18-2 and Munc18-3 relocate and locally increase on granules
and at the plasmamembrane.We also found a speciﬁc role ofMunc18-
2 in the exocytosis from primary granules, while, although not shown
directly, Munc18-3 may preferentially be involved in the regulation of
secondary and tertiary granules.
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